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Abstract 
Concern over the environmental impact of phosphate (P) excretion from pig 
production has led to reduced dietary P supplementation to these animals.  These reductions 
may cause minor dietary P deficiency, a problem also seen in segments of the human 
populace.  To examine how genetics influences P utilization, ninety-four gilts sired by two 
different genetic lines (PIC337 and PIC280) were fed either a P adequate diet or a 20% P 
deficient diet for 14 wk.  Blood samples were collected and BW recorded monthly following 
an overnight fast.  Upon completion of the study, radial bones with attached ulnae, 
intermediate carpals, and kidney tissue samples were collected.  After 12 wk on the 
experimental diets, an additional 28 pigs (approximately 100 kg BW) produced by the same 
breeding strategy as described above, were moved into individual stainless steel metabolism 
crates (1.2 m x 2.4 m).  Twice daily, feces and urine were collected from each metabolism 
crate for P balance analysis.  Dietary treatment, sire, and their interaction significantly 
affected plasma 1, 25 (OH)2 vitamin D and PTH concentrations, growth performance, bone 
strength, and gene expression in the kidney.  The PIC337 sired pigs consumed more feed and 
gained more weight than their PIC280 sired counterparts (P < 0.05).  Regardless of sire line, 
pigs fed the P deficient diet had lower (P < 0.05) plasma P concentrations and were less 
efficient at converting feed to BW (P < 0.05).  The P deficient pigs had increased (P < 0.05) 
plasma concentrations of 1, 25 (OH)2 vitamin D and decreased concentrations of PTH after 4 
wk.  While plasma 1, 25 (OH)2 vitamin D concentrations were elevated (P < 0.05) in all the P 
deficient animals, this increase was larger among the PIC337 sired pigs.  As expected, P 
deficiency resulted in weaker bones with lower percent ash (P < 0.05).  Among the P 
vadequate pigs, the bones of PIC337 sired pigs were stronger (P < 0.05) and had higher (P < 
0.05) ash percentage compared to PIC280 sired pigs.  Increased (P < 0.05) levels of the 
CYP27B1 and PTHR mRNA were seen in P deficient pigs.  Those animals housed in 
metabolism crates fed the P deficient diet had lower dietary P intakes, as well as lower fecal 
P excretion compared to pigs fed the P adequate diet (P < 0.01), though there were no 
significant differences based on sire line or the interaction of sire line and dietary P in any of 
the P balance indices measured.  These data suggest differing mechanisms of regulation of P 
utilization between these genetic lines.   
In order to examine the impact of a single nucleotide polymorphism in the calcitonin 
receptor gene (CALCR) previously shown to be associated with bone integrity on P 
utilization in growing pigs, forty-two gilts were fed either a P adequate diet or a 20% P 
deficient diet for 14 wk.  Plasma P concentrations of animals receiving the adequate diet 
were higher than their deficient counterparts at 8 wk and subsequent samplings until trial 
completion (P < 0.05).  P adequacy also resulted in increased concentrations of 1, 25 (OH)2
vitamin D and decreased PTH concentrations at 8 wk (P < 0.05).  P deficiency reduced bone 
strength and mineral content, regardless of genotype (P < 0.05).  Among pigs fed the P 
adequate diet, the 11 and 22 genotypes had higher bone modulus and ash percentage 
compared to their P deficient counterparts (P < 0.05).  However, these differences were not 
observed within animals having the 22 genotype.  Neither dietary treatment nor CALCR 
genotype effected growth performance.  These data suggest that this CALCR SNP is 
associated with the regulation of P utilization.  Elucidating the genetic mechanisms 
responsible for P utilization would have important implications to for both animal and human 
health. 
1Chapter 1: General Introduction 
Introduction 
The industrialization of animal agriculture has led to the creation of intensive 
production facilities in order to maximize the efficiency of animal production.  By increasing 
the number of animals raised in a given area, the amount of excreta produced in that area also 
increases.  This has led to rising nutrient inputs into surface waters causing drastic changes in 
aquatic ecosystems (1-3). Of particular concern is the phosphate (P) that enters into surface 
waters as a result of run-off from animal agriculture.  Because a direct correlation exists 
between P inputs and the amount excreted, various nutritional strategies are being applied 
with the goal of reducing dietary P levels without sacrificing animal performance.  Although 
there is a great deal of interest in reducing P excretion by production animals, preventing 
dietary P deficiency is critical to maintaining the profitability of animal agriculture as well as 
animal well being.   
While efforts to reduce P excretion from animal agriculture could result in subtle 
dietary P deficiencies in growing pigs, minor dietary P deficiencies are also likely in certain 
segments of the human populace.  People consuming cereal grain and legume-based diets, 
such as vegans and some vegetarians, have the potential to be marginally P deficient due to 
the low bioavailability of P from these food sources (4, 5).  Very little work has examined the 
impact of genetics, with the exception of genetic P regulatory diseases, on P nutrition in any 
species.  Increasing interest in the use of swine as a research model for humans and in 
furthering the reduction of the environmental impact of swine production has fueled the need 
for a better understanding the impact of subtle P deficiency and how genetics mediate this 
2impact.  The objective of the following studies was to examine the impact of genetic 
background on the effects of a long-term, subtle dietary P deficiency in growing pigs from 
the same genetic backgrounds utilized by Hittmeier et al. (6).  Elucidating the genetic 
mechanisms responsible for P utilization would have important implications to both animal 
and human health. 
Thesis Organization 
 This thesis consists of a general introduction to the topic, a literature review, two 
journal articles, and a general conclusion.  The journal articles are prepared in the style 
appropriate for submission to the Journal of Nutrition.
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4Chapter 2: Literature Review 
Environmental Impact of Phosphate from Animal Production 
The industrialization of animal agriculture has led to the creation of intensive 
production facilities in order to maximize the efficiency of animal production.  By increasing 
the number of animals raised in a given area, the amount of excreta produced in that area also 
increases.  This has led to rising nutrient inputs into surface waters causing drastic changes in 
aquatic ecosystems (1-3).  Of particular concern is the phosphate (P) that enters into surface 
waters as a result of run-off from animal agriculture.  Phosphate has been shown to be the 
primary limiting nutrient in most lakes and rivers; thus any excess contributes to 
eutrophication in these areas.  Eutrophication is characterized by excessive aquatic plant and 
algae growth, reduced water transparency, anoxia, and the loss of submerged water 
vegetation (1, 3).  Application of animal manure to farm land in excess of crop P needs or to 
soils with sufficient P reserves is a leading cause of P accumulation and runoff into surface 
waters (4, 5).  Public concern over the environmental and economic impacts of water 
pollution stemming from animal agriculture has led the USDA and EPA to enact regulations 
limiting manure application to crop needs and develop animal management policies to 
regulate nutrient balance (6, 7). 
 
Methods for Reducing Phosphate Excretion by Animals 
Since the vast majority of P in corn and soybean meal is in the poorly available form 
of phytate, inclusion of inorganic P sources in the diets of swine and poultry has been 
necessary to meet the animals’ requirements.  Since dietary P deficiency has severe 
consequences to growth performance, it has been common practice for producers to over 
5supplement animal diets with inorganic P sources in order to provide a safety margin (8).  
Any dietary P provided in excess of what the animal can utilize will be excreted (9).  Because 
a direct correlation exists between P inputs and the amounts excreted, various nutritional 
strategies are being applied with the goal of reducing dietary P levels without sacrificing 
animal performance.  These methodologies include better defining nutrient needs based on 
age or sex, as well as improving P bioavailability from feedstuffs (8, 9).   
Defining P Requirements 
Phase feeding and split-sex feeding have become customary practices within the 
animal industry in order to accurately meet nutrient requirements.  These strategies are based 
on differences in nutrient needs at various physiological stages and between genders, 
respectively.  Both strategies serve to decrease P consumption and improve its efficiency of 
utilization, thereby reducing P excretion (9). 
Improving Phytate P Bioavailability
Phytases are a class of enzymes that catalyze the hydrolysis of P groups from phytate 
(10-13).  A great deal of work has demonstrated that dietary inclusion of phytase can 
eliminate the need for supplemental inorganic P sources in the diets of pigs and poultry (14-
17).  By substituting phytase for all supplemental inorganic P in these diets, P excretion by 
these animals can be reduced by up to 50% (18-21).  Lei et al. (15) validated the 
effectiveness of feeding 750 phytase units of Aspergillus niger phytase/kg of diet to improve 
P availability in weanling pigs.  In this study the base diet contained no inorganic P 
supplementation and pigs fed the phytase supplemented diet had 50% greater daily P 
retention and a 42% reduction in P excretion compared to the control animals.  Other studies 
have investigated the effects of phytases on growth performance and bone development in 
6the growing pig.  Cromwell et al. (16) observed greater growth response and bone strength in 
pigs a fed low P diets with different amounts of phytase supplementation (500 phytase 
units/kg vs. 1,000 phytase units/kg) when compared to a normal corn and soybean meal diet, 
with significantly higher performance in those animals fed the greatest amount of phytase.  A 
similar study performed by Harper et al. (18) found that average daily gain (ADG), gain to 
feed (G:F), and P digestibility coefficients improved linearly with supplementation of 167, 
333, and 500 units of phytase/kg of low P diets.  Pigs supplemented with 500 units of 
phytase/kg diet excreted 22% less P when compared to those pigs fed the diet without 
phytase supplementation, while also having higher bone ash percentages.  Han et al. (22) 
compared microbial (Aspergillus niger) and cereal (wheat bran) sources of phytase.  Again, 
supplementation with phytase caused greater P retention and less excretion when compared 
to pigs supplemented with inorganic P.  A vast number of additional studies have 
demonstrated the effectiveness of phytase supplementation in improving growth performance 
in P deficient animals (7, 18, 19, 23).  Similar responses to phytase supplementation in swine 
have also been demonstrated in poultry (20, 24, 25).   
In addition to the inclusion of phytase to traditional corn and soy base diets, a great 
deal of work has examined methods for reducing the amount of phytate present in feedstuffs.  
Low-phytate crops have been produced both by traditional plant breeding as well as genetic 
modification (26).  Low-phytate barley has been shown to have increased P availability for 
both swine and poultry.  Li et al. (27) demonstrated 49% P availability in low-phytic acid 
barley versus 28% in normal barley fed to 1-day old male chicks.  Li et al. (28) substantiated 
the role of low-phytic acid barley in improving P bioavailability and hence growth 
performance and bone development in turkey poults.  Poults consuming the low-phytic acid 
7barley gained 30% more weight, consumed 21% more feed, and were more efficient at 
converting feed when compared to those consuming normal barley.  These animals also had 
significantly higher P retention and tibia and toe ash percentages when compared to the 
animals consuming the normal barley.  Comparable results were also seen in pigs.  Veum et 
al. (29) demonstrated that pigs fed low-phytate barley had greater P absorption and retention 
than those fed a P deficient diet containing normal barley.  They estimated the P availability 
of the low-phytate barley at 52% and 32% for normal barley.  In this study the increased P 
retention translated into improved growth rates, higher bone ash weights, and increased 
breaking strength of metacarpals.  In swine and poultry, the use of low-phytic acid corn 
elicits similar responses in growth performance and bone strength as low-phytic acid barley.  
Li et al. (30), Sands et al. (19), and Spencer et al. (31) all demonstrated improved growth 
rates, bone mineralization, and greater overall P utilization in animals fed low-phytic acid 
corn.   
In addition to the use of low-phytate crops and dietary phytase inclusion, feed 
processing methods can also improve the bioavailability of P in the diet and thereby allow for 
lower total amounts of P to be fed to animals.  Soaking, fermentation, and hydrothermal 
treatment have all been shown to increase P availability from common cereal grains (32, 33, 
34) by facilitating the release of P from phytic acid.  While these processing methods can be 
utilized to improve P bioavailability, they are not practical or cost effective for commercial 
use. 
Excreta Treatment to Reduce P Load 
In addition to the interventions aimed at reducing P excretion by animals, a good deal 
of research has focused on developing methods to remove P from the excreta prior to land 
8application.  A relatively new method involves the precipitation of manure phosphates with 
magnesium (Mg) smelting by-products, commonly identified as by-product of electrolysis 
and foundries (BPEF).  Although the use of Mg-based agents is considered a relatively 
expensive means for P removal, BPEF provides a low-grade economical source for manure 
treatment.  The process begins with the dissolution of magnesite ore (MgCO3) in 
hydrochloric acid (HCl) to form magnesium chloride (MgCl2) granules.  These granules are 
then decomposed by electrolysis to metallic Mg.  The BPEF formed during electrolysis 
cannot be recycled for use in further reactions; thus they provide a readily available source 
for P precipitation in swine manure.  This method has been proven to be a viable means for 
phosphate removal when compared to natural settling of swine manure into liquid and solid 
fractions.  The addition of BPEF significantly reduced the total P concentration within liquid 
fractions to levels in compliance with environmental regulations (35).  Another study 
assessed the effectiveness of a polyacrylamide (PAM)-aided swine waste slurry solids 
separation treatment to reduce organic load and nutrient concentrations.  Solids separation 
involves (1) chemical aided coagulation, (2) mixing and resulting particle aggregation 
(flocculations), and (3) sedimentation of the flocculation product by gravity or centrifugation.  
Recent research has validated the use of synthetic polymers as cost effective, non-toxic 
coagulants for dilute swine wastewater.  In this study, solids separation via gravity settling 
was evaluated before and after the addition of four different concentrations of a proprietary 
polymeric flocculant (PAM) to swine waste slurry.  Optimal separation occurred at PAM 
concentrations between 10 – 500 mg/L and was effective at reducing P concentrations.  This 
study supports previous research validating improvements in solid separations using 
chemical polymers (36, 37).  A more natural means of P removal from waste products has 
9also been assessed.  Retention of P by natural apatite through the formation of hydroxyapatite 
has been investigated as a means to decontaminate swine wastewater.  Comparisons of 
naturally occurring North American igneous and sedimentary apatites were tested for P 
removal potential.  Although P had greater affinity for sedimentary apatites, possibly due 
their higher porosity, retention capacity still remained low.  Further studies are needed to 
fully assess the potential merits of P crystallization (38).  A major limitation of handling 
excess P in production animal excreta is the dramatic increase in cost that this would add to 
animal production. 
 
P Deficiency and P Homeostasis 
Although there is a great deal of interest in reducing P excretion by production 
animals, preventing dietary P deficiency is critical to maintaining the profitability of animal 
agriculture as well as animal well being.  P deficiency has been shown to reduce growth 
performance and bone development in the growing animal (7, 16-19, 23).  To better assess 
methodologies to reduce P excretion, the mechanisms regulating P balance must be 
considered.  Maintenance of P homeostasis is achieved through the coordinated actions of 
intestinal absorption, bone storage pools, and renal reabsorption (39, 40).   
Intestinal absorption of P occurs through dual mechanisms, a paracellular pathway 
that is dependent upon electrochemical gradients across the intestinal epithelium and a 
transcellular pathway that is mediated by sodium-dependent carrier molecules, which are 
regulated by various hormones and metabolic factors (41).  Transcellular absorption of P 
occurs via the sodium-phosphate cotransporter IIb (NPT2b) which is present at the apical 
membrane of the enterocyte (41- 43).  While it is hypothesized that the paracellular pathway 
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dominates during high intestinal concentrations of P, activity of the transcellular pathway is 
most effective during increased circulating levels of 1, 25-dihydroxyvitamin D3 (1, 25 (OH)2
vitamin D) and low dietary P intake (41-43).  Because calcium (Ca) and P homeostasis is 
tightly regulated by 1, 25 (OH)2 vitamin D, a change in circulating concentrations of  1, 25 
(OH)2 vitamin D is contingent upon the Ca and P needs of the animal (44).  Katai et al. (45) 
found that total P transport activity in rats decreased during 1, 25 (OH)2 vitamin D 
deficiency.  Following administration of 1, 25 (OH)2 vitamin D to deficient rats, total P 
uptake increased significantly.  P deficiency resulted in an initial 2-fold increase in sodium-
dependent P cotransport in rats fed a low P diet when compared to those animals receiving a 
normal P diet.  Although mRNA levels of NPT2b were unchanged during P deficiency, 
significant increases in the mRNA levels of the activator protein for the NPT2 cotransport 
system were observed.  Hattenhauer et al. (43) found that dietary P deficiency and 
administration of 1, 25 (OH)2 vitamin D independent of P restriction caused an increase in 
NPT2b protein abundance, however neither dietary P nor 1, 25 (OH)2 vitamin D altered the 
amount of NPT2b transcript.  Marks et al. (47) found that administration of 1, 25 (OH)2
vitamin D significantly increased P absorption in the jejunum of mice and rats relative to 
those animals that received a placebo.  In addition to increases in P transport, a significant 
increase in NPT2b protein abundance was observed in the jejunum of the mice.  Not unlike 
previous investigations, there was no increase in NPT2b mRNA expression.  The absence of 
a corresponding increase in mRNA expression of NPT2b with an increase in protein 
abundance during P deficiency has been attributed to non-genomic mechanisms that have yet 
to be elucidated and/or factors that may control NPT2b expression at the post transcriptional 
level (43).  While research has shown that increases of serum 1, 25 (OH)2 vitamin D in 
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response to dietary P restriction are due to transcriptional control of 1J-hydroxylase 
(CYP27B1) activity by P concentrations (44, 48, 49), Segawa et al. (46) demonstrated 
adaptations to a low P diet independent of 1, 25 (OH)2 vitamin D in 1, 25 (OH)2 vitamin D 
receptor (VDR) null mice.  Capuano et al. (50) observed similar results in VDR null mice 
and CYP27B1 null mice.  Both investigations noted increases in NPT2b protein abundance 
and mRNA transcripts independent of the actions of 1, 25 (OH)2 vitamin D.  While it can be 
concluded that dietary P restriction results in increased P transport across the intestinal 
epithelium caused by upregulation of the NPT2b protein, the mechanism by which this 
occurs does not seem entirely dependent on 1, 25 (OH)2 vitamin D.  
Other key contributors to the maintenance of circulating P levels are the kidneys.  The 
kidneys provide primary regulation of P homeostasis due to their ability to increase or 
decrease P reabsorptive capacity (51).  The major site of P reabsorption is the proximal 
tubules, where P transport is similar to that in the small intestine.  Sodium-phosphate 
cotransporter IIa (NPT2a), present at the apical brush border membrane, mediates overall P 
reabsorption.  Similar to P absorption in the small intestine, renal P handling is influenced by 
dietary P intake, but under the hormonal control of parathyroid hormone (PTH) (42, 51).  
Parathyroid hormone has been shown to act directly on the cells of the proximal tubule by 
promoting the internalization of the NPT2a proteins at the apical and basolateral cell surfaces 
through activation of the protein kinase A (PKA) and/or protein kinase C (PKC) signaling 
pathways (51, 52).  Lotscher et al. (53) demonstrated the effects of PTH in the 
downregulation of NPT2a from the apical membrane with corresponding transient increases 
in intracellular sites indicative of the endocytic mechanism involved in NPT2a 
downregulation in the proximal tubules (52, 54).  Lotscher et al. (53) also established the 
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possible role of microtubule rearrangement in facilitating intracellular movement of the 
internalized cotransporter.  Tenenhouse (55) found that administration of PTH to P restricted 
wild type mice causes further reductions in P transport across the brush border membrane 
and decreases in NPT2 protein abundance, demonstrating that P deprivation does not cause 
resistance to PTH actions.  Conversely, NPT2 null mice were unresponsive to the inhibitory 
actions of PTH on P reabsorption suggesting that NPT2 is the main regulatory target of PTH 
in renal P handling.  Beck et al. (56) linked NPT2 gene ablation to altered renal function, 
reduced growth, and abnormal skeletal development.  Increased renal P wasting, 
hypercalciuria, hypophosphatemia, and an adaptive increase in the circulating concentration 
of 1, 25 (OH)2 vitamin D was observed in NPT2 null mice.  Relative to wild type mice, 
NPT2 null mice had significantly lower birth weights, extreme muscle weakness, lethargy, 
and most died shortly after birth.  Those that survived maintained significantly lower body 
weights and reproductive ability when compared to wild type mice.  Skeletal abnormalities 
included poor development of metaphyseal trabeculae, retarded secondary ossification in the 
epiphysis, and a decrease in osteoclast number.  As demonstrated in prior studies, P 
deficiency alters growth performance and bone development, further substantiating the 
importance of P status on tissue growth and bone development.   
The rate of bone remodeling is a key factor in determining P contributions from bone 
storage pools (57).  Dependent upon need, bone mineral is made available through the 
combined process of osteocytic osteolysis and osteoclastic bone resorption in response to 
PTH (58).  Osteocytic osteolysis refers to rapid mobilization by osteocytic resorption of the 
bone while osteoclastic bone resorption is a more delayed response that involves the removal 
of bone mineral and the bone matrix following prolonged exposure to PTH.  Low serum P 
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concentrations have been shown to alter osteoblast function due to the unavailability of P for 
bone mineralization.  Much research has focused on dietary P excesses especially in 
combination with low dietary Ca, which result in high circulating concentrations of PTH (59, 
60).  However, Heaney et al. (61, 62, 63) have reported that segments of the human 
population are not meeting their dietary P needs. Shapiro and Heaney (64) found that during 
various deficiencies of Ca and P in rats, P supplementation was most effective at restoring 
bone mineral content (BMC) and bone mineral density (BMD) suggestive of the 
codependence of Ca and P in maintaining bone development.   
 
Genetics of Bone Integrity and Nutrition 
While a great deal of research has verified the independent actions of diet and 
genetics in modulating bone turnover (31, 65, 66), far fewer have examined how their 
interaction influence bone integrity.  Many studies in humans have substantiated differences 
in BMC and BMD between ethnic populations.  African-American populations tend to have 
higher BMC and BMD when compared to other ethnic groups, despite reporting lower 
intakes of vitamin D and Ca (67-70).  This phenomenon has been attributed to what seems to 
be reduced skeletal sensitivity to the resorptive effect of high circulating PTH (71).  These 
data suggest that responses to circulating concentrations of 1, 25 (OH)2 vitamin D and PTH 
and the subsequent effects on BMD differ among ethnic groups.  Polymorphisms within 
various genes have been shown to be associated with responses to dietary Ca and P.  The 
BsmI and FokI polymorphisms in the VDR gene were associated with circulating 
concentrations of PTH and 1, 25 (OH)2 vitamin D during changes in dietary Ca and P content 
in young men (72).  Harrington et al. (73) found that Ca utilization during consumption of 
14
diets high in protein and sodium is altered based on the FokI polymorphism in the VDR gene 
in women.  The impact of low dietary Ca on BMD in both men and women has also been 
shown to be modulated based on IL-6 alleles (68).  Such differences in bone responsiveness 
and mineral utilization under various dietary circumstances seen among different ethnic 
populations are indicative of the impact of the interaction of nutrition and genetics. 
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Chapter 3: Response To Dietary P Deficiency Is Affected By 
Genetic Background In Growing Pigs 
Lindsey S. Alexander1, Sara A. Cutler1, Ani Qu1, Avanika Mahajan1, Max F. Rothschild1,2,
Thomas E. Weber3, Brian J. Kerr3 and Chad H. Stahl1,2,4 
Abstract 
Concern over the environmental impact of phosphate (P) excretion from pig 
production has led to reduced dietary P supplementation to these animals.  These reductions 
may cause minor dietary P deficiency, a problem also seen in segments of the human 
populace.  To examine how genetics influences P utilization, a 2 x 2 factorial design was 
employed, consisting of 94 gilts sired by two different genetic lines (PIC337 and PIC280),  
fed either a P adequate diet or a 20% P deficient diet for 14 wk.  The PIC337 sired pigs 
consumed more feed and gained more weight than their PIC280 sired counterparts (P < 0.05).  
Regardless of sire line, pigs fed the P deficient diet had lower (P < 0.05) plasma P 
concentrations and were less efficient at converting feed to body weight (P < 0.05).  The P 
deficient pigs had an increase (P < 0.05) in plasma concentration of 1, 25 (OH)2 vitamin D 
and decreased concentrations of parathyroid hormone (PTH) after 4 wk.   
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While plasma 1, 25 (OH)2 vitamin D concentrations were elevated (P < 0.05) in all the P 
deficient animals, this increase was larger among the PIC337 sired pigs.  As expected, P 
deficiency resulted in weaker bones with lower percent ash (P < 0.05).  Among the P 
adequate pigs, the bones of PIC337 sired pigs were stronger (P < 0.05) and had higher (P < 
0.05) ash percentage compared to PIC280 sired pigs.  Increased (P < 0.05) concentrations of 
the CYP27B1 and PTHR mRNA were seen in P deficient pigs.  These data suggest differing 
mechanisms of regulation of P utilization between these genetic lines.  Elucidating the 
genetic mechanisms responsible has important implications for both animal and human 
health. 
Key words:  phosphorus, bone, pig 
 
Introduction 
While dietary phosphate (P) is essential for the growth, development, and 
maintenance of both muscular and skeletal tissues, increased public and governmental 
concern over the environmental impact of excess P in the excreta of pigs has driven research 
to minimize the environmental impact of swine production (1, 2).  To this end, research has 
focused on more accurately defining the P requirements of pigs, as well as developing and 
evaluating technologies that could minimize P excretion from pig production (3-6).  
Unfortunately, efforts to reduce P excretion from animal production could result in subtle 
dietary P deficiencies that not only effect growth but also adversely effect bone integrity.  
Studies in both humans and swine have demonstrated a strong correlation between 
consumption of vegetarian and vegan diets and decreased bone mineral density (7, 8). 
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In these studies it is difficult to attribute these differences solely to P deficiency because the 
high phytate levels in these diets would also dramatically reduce the bioavailability of 
calcium (Ca), as well as other di- and trivalent minerals such as zinc and iron (9, 10).  
However, Shapiro and Heaney (11) demonstrated in weanling male rats that under dual 
deficiency of both Ca and P, P was of greater importance for bone integrity.   
A majority of P nutrition research in swine has focused on identifying requirements 
for optimizing production efficiency while minimizing P excretion (12-14), whereas most P 
nutrition work in humans has examined its role in disease states during both dietary excess 
(i.e. hyperphosphatemia) and deficiency (i.e. hypophosphatemic rickets/osteomalacia, X-
linked hypophosphatemia) (15, 16).  Very little work has examined the impact of genetics, 
with the exception of genetic P regulatory diseases, on P nutrition in any species.  Hittmeier 
et al. (17) demonstrated that the metabolic response to a severe dietary P deficiency was 
modulated by genetic background in young pigs.  Increasing interest in the use of swine as a 
research model for humans and in furthering the reduction of the environmental impact of 
swine production has fueled the need for a better understanding the impact of subtle P 
deficiency and how genetics mediate this impact.  The objective of this study was to examine 
the impact of genetic background on the effects of a long-term, subtle dietary P deficiency in 
growing pigs from the same genetic backgrounds utilized by Hittmeier et al. (17). 
 
Materials and Methods 
Animals 
All animal protocols were approved by Iowa State University’s Institutional Animal 
Care and Use Committee.  Ninety-four young female pigs (8.6 + 1.3 kg) were obtained by 
breeding sows (Cambro 22, Pig Improvement Corporation (PIC), Franklin, KY) with mixed 
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semen from one of two genetic lines known to differ in bone structure.  The PIC280 line is 
considered heavier-boned, and the PIC337 line is considered to be lighter-boned based on 
studies conducted by PIC.  At 28 ± 2 days of age, piglets were individually housed using a 2 
x 2 factorial design and assigned to one of two treatment groups based on body weight (BW) 
and litter.  All animals had ad libitum access to water and either a P adequate or a 20% P 
deficient diet over the 14 wk trial.  Diets were formulated based on National Research 
Council (NRC) recommendations (1998) and were reformulated four times over the course of 
the study to reflect the changing dietary requirements of the growing pig (Table 1).  Blood 
samples were collected and body weight (BW) recorded monthly following an overnight fast.  
Feed intake was determined monthly throughout the trial.  Blood was collected by 
venipuncture using Vacutainer Plus heparinized tubes (BD Vacutainer, Franklin Lakes, NJ) 
and plasma obtained by centrifugation at 3,500 × g and 4ºC (Sorvall Super T21 Centrifuge, 
Kendro, Asheville, NC).  Plasma samples were stored at -20 ºC until analysis.  Upon 
completion of the study, all animals were processed under USDA inspection at the Iowa 
State University Meat Laboratory.  Radial bones with attached ulnae and intermediate carpals 
were collected and stored at 4ºC for bone strength analysis and ash percentage, respectively.  
Kidney tissue samples were collected, snap frozen in liquid nitrogen, and stored at -80ºC 
until RNA isolation. 
An additional 28 female pigs produced by the same breeding strategy (Cambro22 X 
PIC337 or PIC280) were group housed and fed the same treatment diets described above.  
After 12 wk on the experimental diets (approximately 100 kg BW), pigs were moved into 
individual stainless steel metabolism crates (1.2 m x 2.4 m) and adapted to both the 
metabolism crates and a twice daily feeding regimen for 3 d prior to a 5-d total fecal and 
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urine collection period.  During the metabolism trial, 1.2 kg of the respective treatment diet 
was fed at both 0700 and 1900 h, with orts subtracted from total feed intake to determine 
actual feed consumed.  Total P intake was calculated from actual feed consumption and the 
analyzed diet composition.  Water was supplied ad libitum through nipple waters.  Twice 
daily, feces and urine from each metabolism crate were collected and frozen at -20º C until 
further analysis.  Ambient temperature in the metabolism room was maintained at 
approximately 22ºC and lighting was provided continuously. 
Plasma Analysis 
Calcium (Ca), P, 1, 25 (OH)2 vitamin D and parathyroid hormone (PTH) 
concentrations, as well as alkaline phosphatase (ALP) activity was determined for all plasma 
samples.  Plasma Ca concentrations were determined using a Cole-Palmer Digital Flame 
Analyzer, model 2655-00 (Cole-Palmer Instrument Co., Chicago, IL).  Inorganic P 
concentration was determined by the method of Gomori (19) modified for use with a 
microplate spectrophotometer (PowerWave HT microplate scanning spectrophotometer, Bio-
Tek, Winooski, VT).  Briefly, plasma was deproteinated with 12.5% tri-chloroacetic acid and 
assayed using Elon solution (p-methylaminophenol sulfate).  The concentration of 1, 25 
(OH)2 vitamin D was determined utilizing a commercially available EIA kit (IDS, Fountain 
Hills, AZ). Plasma PTH concentration was determined using a porcine intact PTH ELISA kit 
(Immutopics, San Clemente, CA).  Alkaline phosphatase activity was assayed by the method 
of Bowers and McComb (20) in which the rate of formation of yellow-colored structures by 
the hydrolysis of p-nitrophenol phosphate to p-nitrophenol is proportional to the level of ALP 
activity in the plasma.  The rate of appearance of this yellow color was determined at 405 
nm. 
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Bone Measures 
The radii with attached ulnae were manually cleaned of all soft tissue and utilized for 
flexural testing with an Instron Universal Testing Machine Model 4502 (Instron, Canton, 
MA) equipped with a 10 kN load cell and configured for three point bending tests.  Load 
applied at both yield and failure was determined using Series IX, v 8.08.00 software 
(Instron).  The radii were place on upright supports spaced 3 cm apart and the crosshead 
applied pressure to the bone equidistant between the two uprights.  The crosshead speed was 
set at 50 mm/min.  Mineral content of the intermediate carpals was determined by drying at 
110ºC for 24 hours followed by ashing at 600ºC for 24 hours. 
Real-time PCR 
RNA was isolated from kidney tissue using RNeasy Midi Kits (Qiagen, Valencia, 
CA) according to the manufacturer’s instructions.  Genomic DNA contamination was then 
removed from the isolated RNA by treatment with deoxyribonuclease (Ambion DNA free-
kit, Austin, TX).  The RNA was then reverse transcribed with Superscript II (Invitrogen Life 
Technologies, Calsbad, CA) according to the manufacturer’s instructions, and the resulting 
cDNA samples were then treated with RNase H (Invitrogen, Carlsbad, CA) to ensure the 
removal of residual RNA.  Primer sets for vitamin D receptor (VDR), calcitonin receptor 
(CALCR), sodium-phosphate cotransporter 2 (NPT2), parathyroid hormone receptor (PTHR), 
and 1J-hydroxylase (CYP27B1) were designed using software by Integrated DNA 
Technologies (Coralville, IA, Table 2).  Primers were validated according to the 
specifications set forth by Livak and Schmittgen (21).  Relative quantities of the transcripts 
of interest were determined by semi-quantitative real-time PCR using the MyiQ Single Color 
Real-Time PCR Detection System and SybrGreen Supermix (Bio-Rad Laboratories, 
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Hercules, CA).  Thermocycling conditions included 45 cycles of 30 s of melting at 95º C 
followed by 30 s of annealing and extension at 60º C.  Following amplification, all samples 
were subjected to a melt curve analysis.  Gene expression was normalized to cDNA 
concentration as determined by Picogreen (Invitrogen, Carlsbad, CA) according to the 
manufacturer’s instructions. 
P Balance Analysis 
Following the P balance study, the feeds utilized and feces collected were dried at 70° 
C for 24 hours and ground through a 2 um screen (ZM 100, Retsch GmbH, Haan, Germany).  
These samples, as well as the urine samples, were then microwave digested (Mars 5, CEM 
Corporation, Matthews, NC), solubilized with water (50X dilution), and analyzed for P using 
Inductively Coupled Plasma Spectroscopy (Optima 5300DV, PerkinElmer, Shelton, CT). 
Statistics 
Data were analyzed using the GLM procedure of SAS (SAS Version 9.1, SAS Inc., 
Cary, NC) with sire, treatment, and the interaction of the two considered as fixed effects.  
Initial body weight was used as a covariate for growth performance data while final BW was 
utilized as a covariate for the bone biomechanical data. 
 
Results 
Plasma 
Initially, there was a significant (P < 0.05) sire effect on plasma P concentration (PP), 
with the PIC280 sired animals having higher concentrations than their PIC337 sired 
counterparts (8.0 vs 7.6 mg/dL, respectively).  Additionally, PIC337 pigs that were to receive 
the P adequate diet had initial PP that were lower (P < 0.05) than any of the other groups.  No 
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sire or sire*treatment interactions were seen at any other time point during the study.  After 4 
wk on trial, pigs fed the P deficient diet had lower (P < 0.05) PP than those fed the P 
adequate diet.  This treatment effect remained for the duration of the trial (Fig. 1).  There 
were no significant differences in plasma concentrations of either 1, 25 (OH)2 vitamin D or 
PTH among any of the groups at the start of the study.  A dramatic (P < 0.05) reduction in 
plasma PTH concentrations was seen at 4 wk among the pigs fed the P deficient diet (Fig. 2).  
This difference was not apparent at 12 wk, when the levels of PTH in all animals were very 
low (Fig. 2).  Plasma concentrations of 1, 25 (OH)2 vitamin D were 1.2 and 1.3 times greater 
(P < 0.01) among P deficient animals than P adequate animals at 4 wk and 12 wk, 
respectively (Fig. 3).  At 12 wk, plasma 1, 25 (OH)2 vitamin D concentration due to the P 
deficient diet was higher in the PIC337 sired pigs (Fig. 3).  There was no significant 
difference in plasma ALP activity or Ca concentration among any of groups throughout the 
study. 
Growth Performance 
Overall, PIC337 sired pigs consumed more (P < 0.05) feed and exhibited higher (P < 
0.05) average daily BW gain (ADG) than their PIC280 sired counterparts.  Additionally, 
there was no significant P treatment effect on overall ADG or feed intake.  However, feed 
efficiency was significantly lower (P < 0.05) among pigs fed the P deficient diet.  During the 
first 4 wk of the study, among the pigs receiving the P adequate diet, PIC337 sired animals 
had significantly (P < 0.05) greater ADG and feed efficiency (Table 3). While higher ADG 
was seen for the entire study in the PIC337 pigs, the improved feed efficiency seen over the 
first 4 wk was not apparent.  Although not significantly different, the PIC337 sired pigs fed 
the P deficient diet tended (P < 0.15) to have lower ADG and feed efficiency than their P 
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adequate fed littermates.  There were no significant differences based on dietary P level in 
ADG, feed intake, or feed efficiency among the PIC280 sired animals throughout the study. 
Bone Characteristics 
Regardless of sire line, pigs fed the P deficient diet had reduced bone strength and ash 
percentage (P < 0.05).  The subtle P deficiency reduced the maximum load tolerated by the 
radii by approximately 16%, load at bone failure by approximately 28%, and reduced bone 
ash percentage by approximately 6% (Fig. 4).  Significant interactions between sire and 
dietary P levels were seen in the both load at yield, load at failure, and in ash percentage of 
the intermediate carpals (Fig. 4).  The radii of PIC337 sired pigs fed the P adequate diet had 
significantly (P < 0.05) higher load at yield and load at failure than their PIC280 sired 
counterparts (5.30 and 4.33 KN vs. 4.73 and 3.05 KN, respectively).  In addition to having 
stronger radii, the PIC337 sired P adequate pigs also had higher (32.0% vs. 30.5%, P < 0.05) 
ash percentage of their intermediate carpals than the PIC280 sired P adequate pigs.  There 
were no significant sire differences among pigs receiving the P deficient diet in any of these 
bone measures. 
Kidney Gene Expression   
The levels of PTHR and CYP27B1 mRNA were approximately 1.5 and 1.8 fold 
higher (P < 0.05), respectively, in the kidney tissue of the pigs fed the P deficient diet (Fig. 
5).  The difference in PTHR mRNA levels was more pronounced among the PIC337 sired 
pigs (Fig. 5).  No differences were observed in the expression of VDR, CALCR or NPT2 
among any of the treatments groups (data not shown). 
P Balance 
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There were no significant differences based on sire or the interaction of sire and dietary P in 
any of the P balance indices measured (Table 4).  Animals fed the P deficient diet had lower 
dietary P intakes, as well as lower fecal P excretion compared to pigs fed the P adequate diet 
(P < 0.01).  There were no significant effects of dietary P on P in the urine or in P retained on 
either a gram or percentage of intake basis.  However, pigs fed the P deficient diet tended to 
have improved apparent P digestibility and retention compared to pigs fed the P adequate diet 
(P = 0.15). 
Discussion 
The objective of this study was to evaluate the impact of genetic background on the 
responses to subtle dietary P deficiency in growing pigs.  This mild deficiency was designed 
to represent a likely dietary situation in commercial pig production as well as to provide an 
appropriate animal model for examining the impact of slight P deficiency in humans.  Our 
treatment diets achieved our desired level of deficiency as evidenced by the slightly lowered 
PP (Fig. 1), reduced bone integrity and mineral content (Fig. 4), but with a lack of a strong 
growth depression (Table 2) or a significant reduction in P retention (Table 4) among pigs 
fed the P deficient diet.  While the effects of dietary P deficiency in growing pigs have been 
previously described (3-6), the interaction between dietary P level and genetic background 
has received very little attention. 
As expected, pigs fed the P deficient diet had weaker bones with lower mineral 
content than their P adequate counterparts.  What was interesting was how these traits were 
differentially affected based on genetic background.  Among the P adequate animals the 
PIC337 sired pigs had higher (P < 0.05) bone strength and mineral content than their PIC280 
counterparts (Fig. 4).  Because no significant differences existed between genetic lines 
34
among the P deficient animals, the response of bone to dietary P deficiency was more 
dramatic among the PIC337 pigs.  Additionally, during the entire study the PIC337 P 
adequate pigs had both higher (P < 0.05) ADG and feed intake than their PIC280 
counterparts, although there was not a significant difference in feed conversion between 
these groups (Table 3).  After the first 4 wk on the treatment diets, during which the pigs 
would have their greatest dietary requirement for available P on a percentage basis, the P 
deficient PIC337 pigs had lower feed conversion efficiency (P < 0.05) than their P adequate 
counterparts.  It is interesting to note, however, that there was no significant difference in 
ADG between the PIC337 P deficient pigs and any of the PIC280 pigs, regardless of dietary 
treatment, throughout the study.  These data are strongly suggestive of the role of genetics in 
regulating P utilization. 
While growth rate and efficiency as well as bone strength and mineral content are 
important measures of P status, in order to help understand the differences based on genetic 
background seen in these measures, we also examined circulating concentrations of the 
endocrine hormones known to be responsible for Ca and P homeostasis.  The impact of 
dietary P deficiency on circulating concentrations of PTH and 1, 25 (OH)2 vitamin D have 
been previously described (22-25).  Several studies have demonstrated marked increases in 
serum 1, 25 (OH)2 vitamin D during P deprivation due to direct induction of CYP27B1 
activity by dietary P (29, 30).  Riond et al. (24) found similar results, as well as a positive 
correlation between serum P and PTH concentrations.  Additional research supports this 
correlation by establishing the role of decreased dietary P in reducing PTH mRNA 
expression in the parathyroid glands (25).  In this study, PTH concentrations were almost 
undetectable in all groups at 12 wk.  This has been previously reported, being attributed to 
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the inhibition of PTH transcription by high concentrations of 1, 25 (OH)2 vitamin D (25-28).  
While an increase in circulating levels of 1, 25 (OH)2 vitamin D in pigs fed the P deficient 
diet was seen in our study, the aforementioned studies (22, 23, 25) all imposed a more severe 
P restriction, with virtually no P supplementation in deficient diets when compared to basal 
diets, than our present study.  Zhang et al. found that severe P deficiency resulted 1, 25 (OH)2
vitamin D concentrations 7-fold higher than the control group by 7 d (22).  A similar P 
deficiency was utilized by Yoshida et al. (23), and they demonstrated 3-fold higher 1, 25 
(OH)2 vitamin D concentrations in deficient animals by 4 d versus the control group.  We 
observed similar effects with a mild P deficiency, although the amount of the increase in 1, 
25 (OH)2 vitamin D concentrations between dietary treatments was not as pronounced.  Of 
particular interest, was the difference in circulating 1, 25 (OH)2 vitamin D, based on genetic 
background, seen in our study.  At 12 wk, PIC337 P adequate pigs had significantly lower 
plasma concentrations of 1, 25 (OH)2 vitamin D when compared to their PIC280 
counterparts.  Additionally, there were no significant differences in 1, 25 (OH)2 vitamin D 
concentrations between PIC280 P adequate pigs and PIC337 P deficient pigs.  These data 
suggest possible differences in hormone production based on genetic background, rather than 
diet alone, in maintenance of mineral homeostasis.  This further validates our hypothesis that 
genetic background influences the regulation of P utilization. 
Since the primary regulation of P homeostasis is thought to occur at the level of 
reabsorption by the kidneys, we examined the expression of several hormone receptors and 
enzymes involved in mediating the metabolic response to P deficiency.  An important 
regulator of Ca and P homeostasis is the activation of 1, 25 (OH)2 vitamin D by CYP27B1 in 
the kidney.  The expression of CYP27B1 has been shown to be regulated by dietary P, PTH 
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and 1, 25 (OH)2 vitamin D (29-32).  With the higher circulating concentrations of 1, 25 
(OH)2 vitamin D among our P deficient animals, it was not surprising that we saw a similar 
increase in renal expression of CYP27B1 mRNA.  Among our P deficient pigs, the 
expression of PTHR mRNA was also elevated.  While this has not been reported previously, 
a possible explanation for the increased expression is that the suppression of PTHR by PTH 
(29, 30) would not take place with the very low levels of circulating PTH noted at the end of 
this study.  In addition to increases in the message for CYP27B1, levels of NPT2 mRNA have 
been shown to be dramatically increased during P deficiency (31, 32).  We did not see an 
increase in the expression of NPT2, possibly due to our animals meeting their daily P 
requirement at the time tissue was collected.  The phase feeding and diet formulations 
utilized in this study were designed to produce a consistent, albeit mild, P deficiency.  As the 
pigs grow, their dietary P requirements are reduced on a percentage basis.  Therefore, 
towards the end of a feeding phase they are less P deficient than they are at the beginning of 
the phase.  Our analysis of gene expression in the kidney, was examined at a single point in 
time at the end of our last feeing phase.  Throughout the entire study, this would be the point 
where the pigs fed the P deficient diet would be the least P deficient.  The lack of a 
significant difference in NPT2 mRNA in the kidney is supported by the absence of an 
increase in P retention among the P deficient pigs in our P balance study (Table 4). 
Numerous studies in humans have substantiated the role of genetics and diet in 
modulating hormone levels as it applies to bone turnover.  Racial differences in the 
responsiveness to circulating levels of 1, 25 (OH)2 vitamin D and PTH and the subsequent 
effects on BMD have been shown (36-38).  Additionally, while dietary intake of 1, 25 (OH)2
vitamin D and Ca is highly correlated with improved bone integrity in Caucasians, it is not 
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associated with this trait among African-Americans despite lower reported intakes of these 
nutrients (36, 37, 39-41).  Several human studies have also identified genetic polymorphisms 
that interact with nutrients to affect bone integrity.  Harrington et al. (33) demonstrated that 
Ca utilization during consumption of diets high in protein and sodium is altered based on the 
FokI polymorphism in the VDR in women.  An effect of the BsmI and FokI polymorphisms 
in the VDR on the circulating concentrations of PTH and 1, 25 (OH)2 vitamin D during 
changes in dietary Ca and P content was also seen in young men (34).  The affect of a 
polymorphism in the IL-6 promotor, has also been shown to modulate the impact of low 
dietary Ca on bone mineral density in both men and women (35). 
In order to better study the interactions between genetics and nutrition that impact 
bone integrity, appropriate animal models are needed.  Swine are excellent models for this 
type of research due to similarities with humans in the size and function of their 
gastrointestinal tract, length and type of estrus cycle, and a histologically similar bone 
remodeling cycle (42-44).  The interactions between dietary P and genetic background noted 
among these two genetic lines in the current study, suggest that variation present in the 
commercial pig population may be sufficient to mimic the variations seen within the human 
populace. 
While this work has tremendous implications for research related to human bone 
health, it is also very relevant to animal agriculture.  With increasing pressure to reduce P 
excretion, it becomes more likely to have minor P deficiencies in growing pigs.  The genetics 
utilized in this study likely represent 25% of the pigs produced in the U.S. annually (45).  In 
this study, of pigs receiving adequate dietary P, the PIC337 sired animals were the most 
efficient for growth and bone development.  However, these animals also showed the greatest 
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sensitivity to P deprivation.  Differences such as these demonstrate the need to define P needs 
based on genetic background for the swine production industry.  Understanding the 
underlying genetic mechanisms that regulate P utilization may lead to novel strategies to 
produce more “environmentally-friendly” pigs. 
 
Table 1. Analysis of experimental diet composition1
Diet 1a Diet 2b Diet 3c Diet 4d
P + P - P + P - P + P - P + P -
Crude Protein, % 20.2 20.5 17.3 17.5 15.4 15.7 14.3 15.7
Energy2, kcal/kg 3085 3036 3177 3151 3124 3153 3162 3158
Calciumtotal, % 0.99 0.94 0.66 0.64 0.64 0.58 0.58 0.54
Phosphorustotal, % 0.62 0.54 0.51 0.46 0.46 0.42 0.44 0.38
1Diets were analyzed by Eurofins (Des Moines, IA)
2 Metabolizable energy
aFed 0-4 wk
bFed 4-8 wk
cFed 8-12 wk
dFed 12-14 wk
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Table 2. Primers used for quantification of gene expression by real-time PCR
Gene name Primer Sequence
Sodium phosphate cotransporter 2 (NPT2)
F: 5’ TGATGCTTGCCTTCCTCTACCTCT 3’
R: 5’ ACAGGATGGCGTTGTCCTTGAAGA 3’
Vitamin D receptor (VDR)
F: 5’ TTGCCAAACACCTCAAGCACAAGG 3’
R: 5’ TGCTCTACGCCAAGATGATCCAGA 3’
Calcitonin receptor (CALCR)
F: 5’ TGCTCATGCCATTACTAGGGCAGT 3’
R: 5’ ATGACAGGGCCGTGGATGATGTAA 3’
Parathyroid hormone receptor (PTHR)
F: 5’ TACTGTTTCTGCAACGGCGAGGTA 3’
R: 5’ GCGCTTAAAGTCCAGTGCCAATGT 3’
1J-hydroxylase (CYP27B1)
F: 5’ AGGAGTGAAGTATGCACTTGGCCT 3’
R: 5’ GGAGCGGCCCAAAGAAATAGCAAA 3’
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Table 3. Effect of dietary P and genetic background on growth performance1
Average Daily Gain Average Daily Feed Intake Gain:Feed
Weeks Weeks Weeks
Treatment 0-4 4-8 8-12 Overall 0-4 4-8 8-12 Overall 0-4 4-8 8-12 Overall
PIC280
P adequate 0.562b 0.869ab 0.927b 0.837b 0.860 1.85 2.43b 1.89b 0.653b 0.470ab 0.385 0.444ab
P deficient 0.560b 0.849ab 0.960ab 0.848b 0.863 1.90 2.55ab 1.93ab 0.652b 0.447 c 0.382 0.438ab
PIC337
P adequate 0.600a 0.890a 0.990a 0.887a 0.882 1.88 2.67a 1.99a 0.680a 0.473a 0.376 0.445a
P deficient 0.568ab 0.840bc 0.974ab 0.860ab 0.893 1.85 2.67a 1.99a 0.637b 0.454bc 0.370 0.434b
1 Values presented are least square means.
a,b,c Means within a column not sharing a common superscript are different (P < 0.05). 41
Table 4. Phosphate balance indices of two lines of pigs fed diets adequate or deficient in phosphate1.
Treatment Intake, g Fecal, g Digestible, g Digestible, % Urine, g Retained, g Retained, %
PIC280
P adequate 42.78a 23.54a 19.24 44.97 0.237 19.00 44.42
P deficient 37.20b 19.81b 17.39 46.84 0.199 17.19 46.31
PIC337
P adequate 43.49a 24.54a 18.96 43.68 0.248 18.71 43.11
P deficient 37.05b 18.84b 18.21 49.17 0.174 18.04 48.71
1 Values presented are least square means.
a,b Means within a column not sharing a common superscript are different (P<.05).
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Figure 1. Effect of dietary P on plasma inorganic P concentrations. Values presented are
least square means and standard error at individual time points. Significant differences between treatment
groups were observed at 4 wk and continued in subsequent weeks (P < 0.05). No sire or sire*treatment
effects were seen.
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Figure 2. Effect of dietary P on plasma PTH concentrations (pg/mL). Values
presented are least square means and standard error. Treatment effect at 4 wk (P < 0.05).
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Figure 3. Effect of dietary P and genetic background interactions on plasma 1, 25 (OH)2
vitamin D concentrations. Values presented are least square means and standard error.
Treatment effect at 4 wk (P < 0.05). Sire*treatment effect at 12 wk (P < 0.05).
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Figure 4. Effect of dietary P and genetic background interactions on bone integrity. Values presented are least square
means and standard error. a,b,c Means without a common superscript are different (P < 0.05).
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Figure 5. Effect of dietary P on CYP27B1 and PTHR mRNA expression in kidney tissue. Values presented are least square
means and standard error. Gene expression was normalized to cDNA concentration as determined by Picogreen (Invitrogen,
Carlsbad, CA). * Means between treatments are different (P < 0.05). a,b Means without a common superscript are different
(P < 0.05).
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Chapter 4: A CALCR Single Nucleotide Polymorphism Is 
Associated With Bone Integrity In Response To Dietary P 
Deficiency 
Lindsey S. Alexander1, Sara A. Cutler1, Ani Qu1, Avanika Mahajan1, Max F. Rothschild1,2,
and Chad H. Stahl1,2,3 
Abstract 
Attempts to minimize phosphate (P) excretion from pig production may cause minor dietary 
P deficiency.  Previous work has demonstrated that genetic background may impact P 
utilization in young pigs.  In order to examine the impact of a single nucleotide 
polymorphism in the calcitonin receptor gene (CALCR) (represented by three genotypes: 11, 
12, and 22) on P utilization in growing pigs, we utilized forty-two gilts that were fed either a 
P adequate diet or a 20% P deficient diet for 14 wks.  Plasma P (PP) concentrations were 
higher in P adequate animals at 8 wk and subsequent samplings until trial completion (P < 
0.05).  While plasma concentrations of 1, 25 (OH)2 vitamin D were elevated (P < 0.05) 
among P adequate pigs having 11 and 12 genotypes at 8 wk, PTH concentrations, regardless 
of genotype, were decreased among P adequate animals at the same time point (P < 0.05).  
As expected, P deficiency reduced bone strength and mineral content (P < 0.05).  For those 
animals having the 11 or 22 genotypes, P adequacy resulted in higher bone modulus and ash 
% when compared to P deficient animals within the same genotype (P < 0.05).   
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Similar differences were not observed within the 22 genotype.  Neither dietary 
treatment nor genotype effected growth performance.  These data are suggestive of the 
association between this particular CALCR SNP and the response to dietary P restriction as it 
affects bone integrity.  Understanding the underlying genetic mechanisms that regulate P 
utilization may lead to novel strategies to produce more “environmentally-friendly” pigs. 
 Key words:  phosphorus, bone, pig 
Introduction 
 Concerns over the environmental impact of P in production animal excreta have 
spurned efforts to minimize the amount of P present in swine diets (1, 2).  These efforts could 
result in subtle dietary P deficiencies in growing pigs.  These deficiencies could have a 
significant impact on both animal welfare and the efficiency of pork production.  Minor 
dietary P deficiencies are also likely in certain segments of the human population, such as 
vegans and some vegetarians who are likely to be at least marginally P deficient due to the 
low bioavailability of P from these food sources (3-6).     
 While a great deal of P nutrition research in swine has focused on identifying 
requirements for optimizing production efficiency while minimizing P excretion (7-9), very 
little has examined the impact of genetics of P nutrition.  However, Hittmeier et al. (10) 
demonstrated that the metabolic response to a severe dietary P deficiency was modulated by 
genetic background in young pigs.   Among these animals, Hittmeier also identified a single 
nucleotide polymorphism (SNP) in the calcitonin receptor gene (CALCR) that was associated 
with bone integrity (11).  A SNP in the same region of the CALCR in humans has also been 
identified (12).  Increasing interest in the use of swine as a research model for humans and in 
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furthering the reduction of the environmental impact of swine production has fueled the need 
for a better understanding the impact of P deficiency and how genetics may mediate this 
impact.  The objective of this study was to examine the impact of a CALCR SNP on the 
effects of a long-term, subtle dietary P deficiency on growing pigs.  
 
Materials and Methods 
Animals 
All animal protocols were approved by Iowa State University’s Institutional Animal 
Care and Use Committee.  Forty-two young female pigs (8.1 + 2.0 kg) were obtained by 
breeding sows (Cambro 22, Pig Improvement Corporation (PIC), Franklin, KY) with mixed 
semen from PIC337 boars.  Prior to the start of the trial, all animals were genotyped for the 
BanII CALCR polymorphism identified by Hittmeier (11).  At 30 ± 2 days of age, piglets 
were housed three per pen in a 3 x 2 factorial design based on CALCR genotype and assigned 
to one of two dietary treatment groups based on body weight (BW) and litter.  Only litters 
that contained at least a gilt of each genotype (3 gilts per litter) were selected for use in this 
study.  All animals had ad libitum access to water and either a P adequate or a 20% P 
deficient diet over the 14 wk trial.  Diets were formulated based on the National Research 
Council (NRC) (1998) recommendations and were reformulated four times over the course of 
the study to reflect the changing dietary requirements of the growing pig.  Blood samples 
were collected and growth performance was recorded monthly following an overnight fast.  
Blood was collected by venipuncture using Vacutainer Plus heparinized tubes (BD 
Vacutainer, Franklin Lakes, NJ) and plasma obtained by centrifugation at 3,500 × g and 4ºC 
(Sorvall Super T21 Centrifuge, Kendro, Asheville, NC).  Plasma samples were stored at 20ºC 
until analysis.  Upon completion of the study, all animals were processed under USDA 
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inspection at the Iowa State University Meat Laboratory.  Metacarpals 3 and 4 were collected 
and stored at 4ºC for bone strength analysis and ash percentage, respectively.  Kidney tissue 
samples were collected, snap frozen in liquid nitrogen, and stored at -80ºC until RNA 
isolation. 
Genotyping 
 DNA was isolated from pig tails prior to the start of the trial using DNeasy Midi Kits 
(Qiagen, Valencia, CA) according to the manufacturer’s instructions.  A primer set designed 
using software by Integrated DNA Technologies (Coralville, IA, Table 1) was used to 
amplify the SNP of interest.  Thermocycling conditions for PCR included 1 cycle of melting 
at 94°C for 5 min followed by 30 cycles of melting at 94°C for 30 s, annealing at 55°C for  
30 s and extension at 72°C for 40 s. A final cycle included extension for 7 min at 72°C.  
Following amplification, the BanII restriction enzyme (New England Biolabs, Ipswich, MA) 
was used to digest the PCR product at 37°C for 4 hours.  Following digestion, the restriction 
fragments were run on a 3% agarose gel for genotype determination (Fig. 1).  
Plasma Analysis 
Plasma inorganic P (PP), 1, 25 (OH)2 vitamin D and  parathyroid hormone (PTH) 
concentrations, as well as alkaline phosphatase (ALP) activity were determined for all 
plasma samples.  Plasma inorganic P concentrations were determined by the method of 
Gomori (14) modified for use with a microplate spectrophotometer (PowerWave HT 
microplate scanning spectrophotometer, Bio-Tek, Winooski, VT).  Briefly, plasma was 
deproteinated with 12.5% trichloroacetic acid and assayed using Elon solution (p-
methylaminophenol sulfate).  The concentrations of 1, 25 (OH)2 vitamin D were determined 
utilizing a commercially available EIA kit (IDS, Fountain Hills, AZ) according to the 
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manufacturer’s instructions.  Plasma PTH concentrations were determined using a porcine 
intact PTH ELISA kit (Immutopics, San Clemente, CA) according to manufacturer’s 
instructions.  ALP activity was assayed by the method of Bowers and McComb (15) in which 
the rate of formation of yellow-colored structures by the hydrolysis of p-nitrophenol 
phosphate to p-nitrophenol is proportional to the level of ALP activity in the plasma.  The 
rate of appearance of this yellow color was determined at 405 nm.     
Bone Measures 
Metacarpals were manually cleaned of all soft tissue and utilized for flexural testing 
with an Instron Universal Testing Machine Model 4502 (Instron, Canton, MA) equipped with 
a 10 kN load cell and configured for three point bending tests.  Load applied at both yield 
and failure was determined using Series IX, v 8.08.00 software (Instron).  Metacarpals were 
placed on upright supports spaced 2 cm apart and the crosshead applied pressure to the bone 
equidistant between the two uprights.  The crosshead speed was set at 50 mm/min.  Mineral 
content of the metacarpals were determined by drying at 110ºC for 24 hours followed by 
ashing at 600ºC for 24 hours.  
Real-time PCR 
RNA was isolated from kidney tissue using RNeasy Midi Kits (Qiagen, Valencia, 
CA) according to the manufacturer’s instructions.  Genomic DNA contamination was then 
removed from the isolated RNA by treatment with deoxyribonuclease (Ambion DNA free-
kit, Austin, TX).  The RNA was then reverse transcribed with Superscript III (Invitrogen Life 
Technologies, Calsbad, CA) according to the manufacturer’s instructions, and the resulting 
cDNA samples were then treated with RNase H (Invitrogen, Carlsbad, CA) to ensure the 
removal of residual RNA.  Primer sets for vitamin D receptor (VDR), calcitonin receptor 
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(CALCR), sodium-phosphate cotransporter 2 (NPT2), parathyroid hormone receptor (PTHR), 
1J-hydroxylase (CYP27B1), and 24-hydroxylase (CYP24A1) were designed using software 
by Integrated DNA Technologies (Coralville, IA, Table 2).  Primers were validated 
according to the specifications set forth by Livak and Schmittgen (16).  Relative quantities of 
the transcripts of interest were determined by semi-quantitative real-time PCR using the 
MyiQ Single Color Real-Time PCR Detection System and SybrGreen Supermix (Bio-Rad 
Laboratories, Hercules, CA).  Thermocycling conditions included 45 cycles of 30 s of 
melting at 95ºC followed by 30 s of annealing and extension at 60ºC.  Following 
amplification, all samples were subjected to a melt curve analysis to insure that no 
unintended products were produced.   Gene expression was normalized to a 60S ribosomal 
protein control gene (RPL35) whose expression was validated to not be effected by CALCR 
genotype or dietary treatment.   
Statistics 
Data were analyzed using the GLM procedure of SAS (SAS Version 9.1, SAS Inc., 
Cary, NC) with CALCR genotype, treatment and the interaction of the two considered as 
fixed effects.  Initial BW was used as a covariate for growth performance data while final 
BW was utilized as a covariate for the bone biomechanical data. 
 
Results 
Plasma 
There was an initial CALCR genotype effect on PP concentrations with animals 
having the 11 genotype having higher concentrations than either the 12 or 22 genotypes (P < 
0.05).  A treatment effect was observed at 8 wk and subsequent sampling points until trial 
completion (P < 0.05) (Fig. 2).  No CALCR genotype or CALCR genotype*dietary treatment 
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effects were seen at any other time points.  At 8 wk, a CALCR genotype*treatment effect on 
plasma 1, 25 vitamin D concentrations was evident (Fig. 3).  Among P adequate animals, 
those having the 11 or 12 genotypes had 57% and 49% greater concentrations of 1, 25 (OH)2
vitamin D when compared to animals having the 22 genotype, respectively (P< 0.05).  
Alternatively, P adequate animals from the 22 genotype did not differ from P deficient 
animals from either the 11 or 12 genotypes.  At 12 wk, only a treatment effect remained with 
P deficient animals having 1.5 times greater 1, 25 (OH)2 vitamin D concentrations relative to 
P adequate animals.  A CALCR genotype, dietary treatment and CALCR genotype*dietary 
treatment effect was observed in plasma PTH concentrations at 8 wk (P < 0.05) (Fig. 4).  
Animals having the 11 genotype had significantly higher concentrations when compared to 
those having 12 and 22 genotypes (2.55, 0.080, 0 pg/m, respectively).  At 8 wk, plasma PTH 
concentrations in the P deficient animals, regardless of genotype, was 32 times greater than P 
adequate animals.  P deficient animals having the 11 genotype had the greatest PTH 
concentrations when compared to all other groups (5.15 vs 0 pg/mL for all other groups).  No 
effects were observed at 0 wk or 14 wk. 
Growth Performance 
There were no differences in gain, intake or feed efficiency noted among genotypes 
or treatment groups.  Similarly, neither intake nor feed efficiency differed between (data not 
shown).   
Bone Characteristics 
P deficiency reduced bone strength and mineral content in the metacarpals (P < 0.05).  
Dietary treatment significantly affected the yield point of the bone.  Regardless of genotype, 
P adequate animals were able to withstand a 1.2 times greater load than their P deficient 
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counterparts (P < 0.05) (Fig. 5).  Significant dietary treatment and CALCR genotype*dietary 
treatment effects were observed in the modulus of the metacarpals (Fig. 5).  The metacarpals 
of P adequate pigs tended to be more rigid, having a 29% greater modulus than those from P 
deficient animals.  Within genotypes, the modulus of metacarpals from P adequate 11 and 12 
animals were 48% and 28% greater than their P deficient counterparts, respectively (P < 
0.05).  No differences were noted based on dietary treatment within the 22 genotype.  The 
metacarpals of P deficient animals having the 11 genotype had the lowest modulus compared 
to all other groups (P < 0.05).  Similar effects were seen in ash percentage (Fig. 5).  The 
metacarpals of P adequate pigs, regardless of genotype, had greater mineral content (34.7% 
vs. 31.7%) than those of P deficient pigs (P < 0.05).  In addition, metacarpals of those 
animals having the 11 genotype had less mineral content than pigs from both the 12 and 22 
genotypes, regardless of dietary treatment (P < 0.05).  Comparable to the CALCR 
genotype*treatment effects seen in modulus measurements, among the 11 and 12 genotypes, 
metacarpals of P adequate animals had 1.2 and 1.1 fold greater mineral content than the 
metacarpals of those animals fed the P deficient diet, respectively (P<.05).  Again, no effect 
of treatment was observed within the 22 genotype.   
Gene Expression 
Regardless of dietary treatment, expression of VDR within the 12 genotype was 1.5 
and 1.7 times greater than 11 and 22 genotypes, respectively (P<.05) (Fig. 6).  P adequate 
animals, regardless of genotype, had greater expression of VDR (6.02 vs. 3.80) (P<.05).  P 
adequate animals had 29% greater expression of NPT2 than P deficient animals (Fig. 6).  P 
adequate animals also had 1.7 and 1.8 fold greater expression of CYP24A1 and CYP27B1 
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than P deficient animals, respectively (Fig. 6).  No differences were observed in PTHR and 
CALCR expression. 
 
Discussion 
 
The objective of this study was to evaluate the impact of a CALCR polymorphism on 
the responses to subtle dietary P deficiency in growing pigs.  This mild deficiency was 
designed to represent a likely dietary situation in commercial pig production as well as to 
provide an appropriate animal model for examining the impact of slight P deficiency in 
humans.  Our treatment diets achieved our desired level of deficiency as evidenced by the 
slightly lowered PP (Fig. 2) and reduced bone integrity and mineral content (Fig. 5).  While 
the effects of dietary P deficiency in growing pigs have been previously described (17-20), 
very few have examined the effect of the interaction of genetic polymorphisms and diet on P 
utilization.   
As expected, P deficiency resulted in weaker bones with less mineral content. 
However, bone characteristics were also associated with the CALCR polymorphism.  While P 
deficiency resulted in reductions in bone integrity and lower mineral content among those 
animals having the 11 and 12 genotypes (P < 0.05), a significant effect of dietary P 
deficiency on these measures was not seen within the 22 genotype.  Additionally, pigs having 
the 11 genotype seemed to be more sensitive to P restriction as demonstrated by the greater 
decreases in metacarpal modulus and ash % when compared to all other groups (P < 0.05).  
During P adequacy, animals having the 22 genotype did not differ from either of those 
animals having the 11 or 12 genotypes in load at bone yield or modulus measures; however 
metacarpals of P adequate animals having the 22 genotype tended to have less mineral 
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content than 12 animals within the same dietary treatment (P< 0.05).  These data are strongly 
suggestive of the role of this SNP in the CALCR gene in modulating P utilization during 
deficiency.   
We also examined circulating levels of the endocrine hormones known to be 
responsible for Ca and P homeostasis.  The impact of dietary P deficiency on circulating 
levels of PTH and 1, 25 (OH)2 vitamin D have been previously described (21, 22).  Animals 
having the 11 or 12 genotypes had higher concentrations of 1, 25 (OH)2 vitamin D during P 
adequacy (P < 0.05) at 8 wk, while P deficiency resulted in higher plasma concentrations of 
1, 25 (OH)2 vitamin D (P < 0.05) in animals having the 22 genotype at the same time point.  
Lower concentrations of PTH were also observed among P adequate animals (P < 0.05) at 8 
wk, which deviate from other reports of PTH concentrations during P adequacy (21, 22).  By 
14 wk, P deficient pigs had greater concentrations of 1, 25 (OH)2 vitamin D relative to P 
adequate animals which correlates with previous studies.  Several studies have demonstrated 
marked increases in serum 1, 25 (OH)2 vitamin D during P deprivation due to direct 
induction of CYP27B1 activity by dietary P (23, 24).  PTH concentrations were nearly 
undetectable at weeks 0 and 14, which has been demonstrated in previous studies and can be 
attributed to high circulating levels of 1, 25 (OH)2 vitamin D (25, 26).   
Since the primary regulation of P homeostasis is thought to occur at the level of 
reabsorption by the kidneys, we examined the expression of several hormone receptors and 
enzymes involved in mediating the metabolic response to P deficiency.  In the present study, 
greater expression of NPT2, CYP27B1 and CYP24A1 was observed in P adequate animals, 
which differs from previous literature examining gene expression during P deficiency (27, 
28).  Increases in the message for CYP27B1 and NPT2 mRNA have been shown to be 
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dramatically increased during P deficiency.  While bone characteristics validate differences 
in P utilization based on different genotypes, further research is needed to determine the 
effects of CALCR genotype*dietary treatment on plasma hormone concentrations and gene 
expression 
Few studies in animals have identified genetic polymorphisms that interact with 
nutrient intake to affect nutrient utilization, hormone concentrations or bone integrity.  In 
humans, Harrington et al. (29) found that Ca utilization during consumption of diets high in 
protein and sodium is altered based on the FokI polymorphism in the VDR gene in women.  
Ferrari et al. (30) demonstrated an effect of the BsmI and FokI polymorphisms in the VDR 
gene on the circulating levels of PTH and 1, 25 (OH)2 vitamin D during changes in dietary 
Ca and P content was also seen in young men.  Additionally, Ferrari et al. (31) found an 
affect of a polymorphism in IL-6 in modulating the impact of low dietary Ca on bone mineral 
density in both men and women.  In order to better study the interactions between genetics 
and nutrition that impact bone integrity, appropriate animal models are needed.  The swine 
model provides an ideal replica for human studies due to similarities with humans in the size 
and function of their gastrointestinal tract, length and type of estrus cycle, and a 
histologically similar bone remodeling cycle (32-34).   
While this work has implications for research related to human bone health, it is also 
very relevant to animal agriculture.  With increasing pressure to reduce P excretion, it 
becomes more likely to have minor P deficiencies in growing pigs.  In this study, animals of 
the 11 genotype showed the greatest sensitivity to P deprivation, while dietary treatment had 
no affect on animals having the 22 genotype.  Differences such as these demonstrate the need 
to define P needs based on genetic background for the swine production industry.  
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Understanding the underlying genetic mechanisms that regulate P utilization may lead to 
novel strategies to produce more “environmentally-friendly” pigs. 
Table 1. Primer sequence used for BanII CALCR PCR-RFLP test
CALCR Forward 5’ TTCTCCTCGCCTGCCTTC 3’
CALCR Reverse 5’ TCTGCCTGACACTGAACCAT 3’
Location of restriction site
5’…G A/G G C C/T C…3’
5’…C C/T C G A/G G…3’
BanII PCR-RFLP test
11 22 12
Figure 1. The location of the restriction sites recognized by the BanII restriction endonuclease and an illustration of the
restriction fragments as they would appear in a gel following digestion.
145 bp
332 bp
478 bp
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Table 2. Primers used for quantification of gene expression by real-time PCR
Gene name Primer Sequence
Sodium phosphate cotransporter 2 (NPT2)
F: 5’ TGATGCTTGCCTTCCTCTACCTCT 3’
R: 5’ ACAGGATGGCGTTGTCCTTGAAGA 3’
Vitamin D receptor (VDR)
F: 5’ TTGCCAAACACCTCAAGCACAAGG 3’
R: 5’ TGCTCTACGCCAAGATGATCCAGA 3’
Calcitonin receptor (CALCR)
F: 5’ TGCTCATGCCATTACTAGGGCAGT 3’
R: 5’ ATGACAGGGCCGTGGATGATGTAA 3’
Parathyroid hormone receptor (PTHR)
F: 5’ TACTGTTTCTGCAACGGCGAGGTA 3’
R: 5’ GCGCTTAAAGTCCAGTGCCAATGT 3’
1J-hydroxylase (CYP27B1)
F: 5’ AGGAGTGAAGTATGCACTTGGCCT 3’
R: 5’ GGAGCGGCCCAAAGAAATAGCAAA 3’
24-hydroxylase (CYP24A1)
F: 5’ TGTGACGAGAGAGGCTGCATTGAA 3’
R: 5’ TCATCTTCCCGAACGTGCTCATCA 3’
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Figure 2. Effect of dietary P on plasma inorganic phosphate concentrations. Values presented are least
square means and standard error. Significant differences between treatment groups were observed at 4 wk
and continued until trial completion (P < 0.05). No CALCR genotype or CALCR genotype*treatment effects
were seen.
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Figure 3. Effect of dietary P and genetic background interactions on plasma 1, 25 (OH)2 vitamin D
concentrations. Values presented are least square means and standard error. Treatment effect at 8 wk
(P < 0.05). CALCR genotype*treatment effect at 14 wk (P < 0.05).
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Figure 4. Effect of dietary P on plasma PTH concentrations. Values presented are least square
means and standard error. CALCR genotype effect, treatment effect and CALCR genotype*treatment
effect at 8 wk (P < 0.05).
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Figure 5. Effect of dietary P and genetic background interactions on load at bone yield, bone modulus, and ash%. Values presented
are least square means and standard error. a,b,c,d Means without a common superscript are different (P < 0.05).
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Figure 6. Effect of dietary P on VDR, NPT2, CYP24A1, and CYP27B1 mRNA expression in kidney tissue. Values presented are least
square means and standard error. Gene expression was normalized to cDNA concentration as determined by Picogreen (Invitrogen,
Carlsbad, CA). Treatment effect for all genes (P < 0.05).
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Chapter 5: General Conclusions 
General Discussion 
The objectives of these studies were to evaluate the impact of genetic background on 
the responses to long-term, subtle dietary P deficiency in growing pigs.  The differences 
observed in growth performance, bone integrity and plasma hormone concentrations are 
indicative of the differing mechanisms modulating P utilization between distinct genetic 
backgrounds in response to P deficiency.  PIC337 sired pigs tended to be most affected by 
dietary treatment, having greater bone integrity and growth and lower 1, 25 (OH)2 Vitamin D 
concentrations when compared to all other groups during P adequacy.  However, these 
animals were the most sensitive to dietary P restriction.  There was a significant response of 
bone integrity to the interaction of a single nucleotide polymorphism (SNP) in the calcitonin 
receptor gene (CALCR) and dietary treatment.  Bone integrity was affected by dietary 
treatment within the 11 and 12 genotypes but no differences were observed within animals 
having the 22 genotype.  Additionally, P deficient pigs having the 11 genotype had the 
poorest bone integrity when compared to all other groups, regardless of dietary treatment. 
The intensification of animal agriculture has led to increased P run-off into 
surrounding surface waters causing drastic changes in aquatic ecosystems (1, 2, 3).  Public 
concern over the environmental and economic impacts of water pollution stemming from 
animal agriculture has led to the development of various nutritional strategies that aim to 
reduce dietary P levels without  altering animal performance.  In an effort to reduce P 
excretion from animal agriculture, many animals are likely to be slightly P deficient, an 
occurrence that is prevalent in certain segments of the human population.  While a majority 
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of P nutrition research in swine has focused on identifying requirements for optimizing 
production efficiency while minimizing P excretion (4-6), most P nutrition work focused 
towards humans has examined its role in disease states during both dietary excess (i.e. 
hyperphosphatemia) and deficiency (i.e. hypophosphatemic rickets/osteomalacia, X-linked 
hypophosphatemia) (7, 8).  Very few have investigated the role of genetics in modulating P 
utilization.  
The response of growth and bone development to interactions between dietary P and 
genetic background demonstrated in the current studies, suggest that variation present in the 
human population can be replicated in the commercial pig population making the pig an 
excellent model for this type of research, in addition to the similarities between human and 
swine physiologically functions (9, 10, 11).  This work is also relevant to animal agriculture.  
Understanding the underlying genetic mechanisms that regulate P utilization may lead to 
novel breeding strategies and genotype specific diets to produce more “environmentally-
friendly” pigs. 
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